Several members of the obligately aerobic genus Streptomyces are able to reduce nitrate, catalyzed by Nar-type respiratory nitrate reductases. A unique feature of Streptomyces coelicolor A3(2) compared with other streptomycetes is that it synthesizes three nonredundant Nar enzymes. In this study, we show that Nar2 is the main Nar enzyme active in mycelium and could characterize the conditions governing its synthesis. Nar2 was present at low levels in aerobically cultivated mycelium, but synthesis was induced when cultures were grown under oxygen limitation. Growth in the presence of high oxygen concentrations prevented the induction of Nar2 synthesis. Equally, an abrupt shift from aerobiosis to anaerobiosis did not result in the immediate induction of Nar2 synthesis. This suggests that the synthesis of Nar2 is induced during a hypoxic downshift, probably to allow maintenance of a proton gradient during the transition to anaerobiosis. Although no Nar2 could be detected in freshly harvested mature spores, synthesis of the enzyme could be induced after long-term (several days) incubation of these resting spores under anaerobic conditions. Induction of Nar2 synthesis in spores was linked to transcriptional control. Nar2 activity in whole mycelium was strictly dependent on the presence of a putative nitrate transporter, NarK2. The oxygen-dependent inhibition of nitrate reduction by Nar2 was mediated by NarK2-dependent nitrate:nitrite antiport. This antiport mechanism likely prevents the accumulation of toxic nitrite in the cytoplasm. A deletion of the narK2 gene had no effect on Nar1-dependent nitrate reduction in resting spores. Together, our results indicate redox-dependent transcriptional and posttranslational control of nitrate reduction by Nar2.
S
treptomyces coelicolor A3(2) is a high-GC-content, Gram-positive, filamentous soil-dwelling bacterium and represents the most important genetic model within the order Streptomycetales (1) . These bacteria are reliant on oxygen for growth and undergo a complex life cycle that includes growth as a substrate mycelium, followed by the development of aerial hyphae and the production of spores. While many early studies focused on the regulation of primary metabolism (2) , comparatively few studies have addressed the regulation of respiration in Streptomyces (3) (4) (5) or what has been referred to as the "anaerobic paradox" (6) . According to this paradox, although streptomycetes are unable to grow in the absence of oxygen, their genome nevertheless encodes enzymes whose products are associated with anaerobic metabolism (6) . Some of these might contribute to the ability of S. coelicolor to survive extended periods of anoxia (7) . The physiological adaption behind this phenomenon is, however, poorly understood. An experimental model that might help shed light on the general mechanisms underlying how Streptomyces species adapt to survive extended periods of oxygen deprivation is based on the respiratory nitrate reductase (Nar) enzymes.
Nar has been shown to play an important role in the establishment of persistence in Mycobacterium tuberculosis, a phylogenetically related actinobacterium that is the causative agent of tuberculosis (8) . Respiratory nitrate reduction is important for the survival of M. tuberculosis in macrophages, probably by helping to maintain redox homeostasis during hypoxia (9) . While the bacterium cannot grow by nitrate respiration, the ability to respire nitrate helps to maintain the proton gradient during the metabolic remodeling and downshift that the bacterium undergoes to adapt to hypoxia and, eventually, anaerobiosis (8, 10) . M. tuberculosis bacteria can survive for many years in this nonreplicating state (11) . As a soil bacterium, S. coelicolor potentially has to deal with similar hypoxic or anoxic conditions, especially during extended periods of wet conditions, and it is conceivable that it enters a metabolic state analogous to that in M. tuberculosis (7) . Due to the fact that in M. tuberculosis nitrate reduction contributes significantly to hypoxic survival, it is possible that S. coelicolor's contingent of Nar enzymes has a similarly important function.
In contrast to M. tuberculosis, the genome of S. coelicolor A3(2) encodes three nonredundant, active Nar enzymes (12) . Nar1 has recently been characterized as the first known spore-specific Nar enzyme (13) and is always present in a ready-to-use mode in mature spores, but it is not found in mycelium. The in vivo activity of Nar1-dependent nitrate reduction is initiated only in the absence of ambient oxygen and results in the stoichiometric release of nitrite when exogenous nitrate is available (12, 13) . Less is known about the Nar2 and Nar3 enzymes, other than the fact that they are primarily active in mycelium and not in spores (12) . It is conceivable that, like for Nar1, the regulation of the synthesis of Nar2 and Nar3 differs from the regulatory mechanisms controlling Nar enzyme synthesis in other microorganisms. Therefore, the current study focuses on a detailed characterization of the Nar2 enzyme of S. coelicolor A3 (2) . We demonstrate that nitrate reduction by Nar2 occurs only in the absence of oxygen and that this requires a NarKtype transporter which is functional only in mycelium. Moreover, Nar2 synthesis is induced during oxygen limitation rather than after an abrupt shift to anaerobiosis.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The media and culture conditions for Escherichia coli and S. coelicolor were the same as those described previously (14, 15) . The strains used in this study are listed in Table 1 . E. coli DH5␣ (Stratagene) was used as a host for cosmids and for plasmid constructions. E. coli ET12567(pUZ8002) (16) and JTU007(pUZ8002) (17) were the nonmethylating plasmid donor strains used for intergeneric conjugation with S. coelicolor strain M145 (20) . Apramycin (Apra; 25 g ml Ϫ1 ), carbenicillin (Carb; 100 g ml Ϫ1 ), chloramphenicol (CLM; 25 g ml Ϫ1 ), kanamycin (Kan; 25 g ml Ϫ1 ), spectinomycin (Spc; 25 g ml Ϫ1 ), or hygromycin (Hyg; 25 g ml Ϫ1 ), all from Sigma, was added to the growth medium when required.
S. coelicolor A3(2) wild-type strain M145 and mutant derivatives (Table 1) were grown on R2YE, SFM, R5, LB, or Difco nutrient broth (DNB) agar medium, as indicated below, or in liquid tryptic soy broth (Oxoid) or DNB supplemented with antibiotics to maintain selection when appropriate. The growth medium compositions and the standard culture techniques used have been described previously (15) .
Construction of gene disruption mutants. A cosmid (Table 1) with a transposon insertion (Tn5062) in the SCO0213 (narK2) gene was introduced into E. coli ET12567(pUZ8002) or JTU007(pUZ8002) by electroporation and then transferred to Streptomyces by conjugation (15) . Exconjugants with double crossovers were selected for Kan s and Apra r . S. coelicolor mutant strains were confirmed by PCRs and by Southern hybridization (data not shown).
Complementation of gene disruptions. A 1,239-bp DNA fragment corresponding to the coding region of SCO0213 (narK2) plus 236 bp of the upstream flanking sequence and 227 bp of the downstream flanking sequence, including potential regulatory elements, was amplified by PCR using oligonucleotides 0213F (5=-CATGGGGTCCCGGCTTCCAG-3=) and 0213R (5=-GGGCCATCGCGGGAAAGAGC-3=) and cloned between the HindIII and KpnI restriction sites of integrative Streptomyces vector pMS82 (19) (Table 1) to deliver pMSnarK2. Plasmid pMSnarK2 was introduced into M145 via conjugation using the plasmid-containing E. coli strain ET12567(pUZ8002), which mobilizes the oriT-containing plasmid pMS82 for conjugation in trans (Table 1) .
Culture conditions adapted for physiological studies. S. coelicolor A3(2) strains were grown as highly disperse liquid cultures in Duran-F tubes with MOPS (morpholinepropanesulfonic acid)-buffered Trypticase soy broth (TSB) as described before (21) . For cultivations in which oxygen concentrations were monitored, the medium was flushed continuously with compressed air through a needle (0.8 mm, 20 to 40 liters/h, for Duran-F tubes) or sintered glass (60 liters/h, for Erlenmeyer flasks). Hypoxic cultures were individually tested for oxygen concentration by empirically determining the relationship between the cell amount, the surface-to-volume ratio (of the vessel and medium), as well as the stirring or shaking parameters. For defined oxygen-limited cultivations, the medium was flushed with a defined air-gas mixture, which was achieved using a gas mixer (G21A6-BA0; Aalborg Instruments, Orangeburg, NY, USA), with the air-gas mixture consisting of between ca. 10% air plus 90% nitrogen or ca. 30% air plus 70% nitrogen. Anoxic conditions were achieved by flushing the vessels with nitrogen for 5 to 10 min. In order to grow cell aggregates (minipellets) of defined size, highly dispersed exponential precultures were transferred to fresh medium at a ratio of 4,000 cell amount equivalents (CAE) (21) per 50 ml of TSB. Afterwards, they were incubated in Erlenmeyer flasks or 24-well plates with orbital shaking (170 rpm) until the desired size (0.25 to 0.5 mm) of aggregate was attained.
For the in vivo assay in mycelium, small amounts of cells (determined in parallel) were transferred to anoxic Hungate vials with fresh TSB medium supplemented with 10 mM nitrate, and these were incubated for at least 30 min. Standardized 15-h-old exponential-phase cultures (20 ml) were inoculated with 2 ml of a standard mycelium suspension. This suspension was prepared from a highly disperse preculture by the determination of the cell pellet size after centrifugation (2,000 ϫ g, 10 min, 6°C). A pellet volume of 200 l was diluted to 10 ml. Afterwards, the cultures were incubated in Duran-F vials for 15 h, as described before (21) .
Standard liquid cultures were incubated in small reaction tubes (volume, 2 ml) or 24-well plates (21) . Therefore, 0.5 ml of double-concentrated incubation buffer (usually 25 mM MOPS-NaOH, pH 7.2, 10 mM NaNO 3 ) was supplemented with washed mycelium and water up to a 1-ml volume.
Oxygen monitoring during the growth and incubation assays was done using oxygen-dependent luminescence sensor spots (PyroScience, Aachen, Germany). These spots were affixed to the inner side (glass wall) of vials and were noninvasively connected to an optical oxygen meter (FireStingO2). Signals were analyzed using FireSting Logger software (PyroScience, Aachen, Germany).
Methylene blue adsorption (MBA) measurements for calculating CAE, as well as small-scale growth curves, were performed as described before (21) .
Analysis of nitrite production in spore suspensions. On solid medium, spore suspensions (5 l of a suspension with an optical density at 450 nm [OD 450 ] of 20) were dropped onto LB agar (3 ml) with or without 200 g ml Ϫ1 chloramphenicol in a 24-well plate and incubated immediately under anaerobic conditions for 3 days at 30°C. When required, sodium nitrate (5 mM) was included in the medium. In liquid medium, spore suspensions (20 ml of a suspension with an OD 450 of 5) were anaerobically incubated with 50 mM MOPS-NaOH buffer and 5 mM nitrate in serum flasks. Excreted nitrite was determined colorimetrically as described below, and the presence of nitrite was revealed as a dark violet staining of the well (12) .
Cloning of narG2 and overproduction and purification of the Histagged NarG2 polypeptide. The construction of the narG2 expression plasmid pET30-narG2 was achieved by amplifying the complete narG2 gene using genomic DNA from S. coelicolor M145 as the template. Amplification was performed using the oligonucleotides NarG2/NdeI_forward (5=-GGT GGT CAT ATG GAG AAC GAT CAG AAC GCA CGC-3=) and NarG2/XhoI_reverse (5=-GGT GGT CTC GAG GTA CTC CAC TCG CTG GTC GCG-3=), which introduced XhoI and NdeI restriction sites. The PCR was carried out using Herculase II Fusion DNA polymerase (Agilent Technologies). The resulting 3,720-bp DNA fragment was cloned into an XhoI-and NdeI-digested pET30a(ϩ) vector (Novagen) to deliver pET30-narG2.
For overproduction of His-tagged NarG2, cultures of E. coli Rosetta (DE3)/pLysS (Novagen) were used. The overproduction and purification were performed as described for narG1 (13) . The purified His-tagged NarG2 was stored at Ϫ20°C.
Antibody preparation and Western blotting. Antibodies against a 14-amino-acid peptide (NSPRHYGDERLHED, amino acid positions 1066 to 1079) in the NarG2 polypeptide were prepared commercially (Seqlab, Göttingen, Germany). To minimize unspecific cross-reactions, antiserum raised against the NarG2 peptide was treated by depleting unspecific cross-reacting antibodies using a crude extract derived from mycelium of the nar-2-knockout mutant NM3. The procedure for the depletion was carried out as described before (13) . The supernatant obtained from depletion was used as the primary antibody for Western blot analysis. The treated antiserum was used in the dilution range of 1:25 to 1:150.
PAGE and immunoblotting. Aliquots (60 g of protein) from the indicated subcellular fractions were separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 7.5% (wt/vol) polyacrylamide gels (22) and transferred to nitrocellulose membranes as described previously (23) . Purified anti-NarG2 antibodies (dilution, 1:25) were used to detect NarG2 polypeptide in the crude extracts of spores. Secondary antibody conjugated to horseradish peroxidase was obtained from Bio-Rad. Visualization was done by use of the enhanced chemiluminescent reaction (Stratagene).
RNA extraction from exponential-and stationary-phase mycelium. RNA extraction from mycelium and purification were performed as described previously (13) . Reverse transcription-PCR (RT-PCR) and cDNA preparation were also performed as described previously (13) . The oligonucleotides used to monitor narG2 transcript levels were RTnarG2_212fw (CGTGCTCCTGGATGGTGTACG) and RT-narG2_821rv (GTGACGGGGATGTTGGAGCCC), and those used to detect 16S rRNA gene transcripts, which was done to check the quality of the RNA used for cDNA synthesis, were the same as those described in reference 13.
Other methods. Quantitative determination of nitrite in culture supernatants and mycelial dry weight measurement were performed exactly as described previously (12) . Nitrate reductase enzyme activity in crude extracts was determined using the continuous assay procedure with reduced dithionite and benzyl viologen (0.4 mM) at 30°C, as described previously (12, 24) . Crude cell extracts of S. coelicolor mycelium were prepared by sonication of mycelium in buffer (100 mM potassium phosphate, pH 7.2). Resuspended mycelium (2 to 5 ml) was sonicated four times for 3 min each time at 30 W (pulses of 0.5 s on and 0.5 s off) using a Sonoplus sonifier with a Sonotrode KE76 tip (Bandelin, Berlin, Germany).
Standard cloning methods (25) were used.
RESULTS

Nar2 is the main respiratory nitrate reductase in mycelium.
In order to determine which Nar enzyme is responsible for nitrate reduction in mycelium, Nar enzyme activity was analyzed in crude extracts derived from mycelium in exponentially growing cultures of different nar operon mutants (Table 2) . Results presented previously (13) demonstrated that Nar1 is inactive in mycelium.
Crude extracts of strains NM3 (⌬nar-2) and NM29 (⌬nar-1 ⌬nar-2) had activities that were more than 95% lower than the activity in the extract of wild-type strain M145 (Table 2) , while an extract derived from NM59 (⌬nar-1 ⌬nar-3) retained approximately 70% of the activity measured in M145 extracts. No Nar enzyme activity was detected in an extract derived from strain NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3) (Table 2) , which lacks all three Nar enzymes (12) . These results indicate that Nar2 is mainly responsible for the nitrate-reducing activity in mycelial cultures. Aliquots of these crude extracts were loaded on a nondenaturing polyacrylamide gel, and after electrophoresis the gel was stained to reveal Nar enzyme activity (Fig. 1A) . A single activitystaining band was detected only in extracts from strains whose genomes encoded a Nar2 enzyme; no activity band was identified in extracts from strain NM3 (⌬nar-2), NM29 (⌬nar-1 ⌬nar-2), NM68 (⌬nar-2 ⌬nar-3), or NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3). West- ern blot analysis after SDS-PAGE of the same extracts using antibodies directed against a NarG2-specific peptide confirmed that NarG2 could be detected only in extracts of strains M145, NM24 (⌬nar-1), NM27 (⌬nar-3), and NM59 (⌬nar-1 ⌬nar-3) (Fig. 1B) .
Oxygen limitation induces the synthesis of Nar2-dependent nitrate respiration in mycelium. In a previous study (12) , nitrate reduction was observed in both aerobically grown streptomycete cultures and anaerobically incubated mycelium. It was suggested that Nar2 was mainly responsible for the aerobic activity, even though for all intents and purposes it is assumed to be an anaerobic process. Due to the tendency of S. coelicolor to grow as aggregates, especially in the presence of large amounts of mycelium, these aggregates are likely to become oxygen limited, possibly explaining the Nar activity observed previously (12) . Therefore, it was decided to standardize mycelial growth with respect to the oxygen concentration for the analysis of Nar2 activity ( Fig. 2A) . If mycelium was grown with more than 2 mg liter Ϫ1 O 2 (air flushed), no significant nitrate reduction was detectable in whole mycelium. However, if the same mycelium was grown for a further 2 h at a lower oxygen concentration (hypoxic conditions), the mycelium released 4 to 8 nmol nitrite h Ϫ1 CAE Ϫ1 into the medium ( Fig.  2A) . A crude extract derived from this mycelium had Nar activity of 14.8 mU mg Ϫ1 . These nitrate-reducing activities in whole mycelium of hypoxic cultures were similar to those observed previously (12) when cultures were grown by standard techniques (i.e., in shaking flasks and tubes) without the use of an air-sparging system and with what was referred to as exponentially growing mycelium. In that study (12) it was suggested that Nar2 is the main Nar enzyme active during this growth stage.
In contrast to the increase in nitrate-reducing activity detected in the mycelium of cultures shifted to hypoxic conditions ( Fig.  2A) , surprisingly, upon an abrupt shift of the cultures grown with oxygen sparging for 2 h to anoxic conditions, no Nar2-dependent nitrate-reducing activity could be detected ( Fig. 2A) . Western blot analysis of crude extracts derived from these mycelia revealed that while low-level NarG2 synthesis was detectable both in aerobically cultivated mycelium and in mycelium that had been abruptly shifted to anoxic conditions, NarG2 levels in crude extract from In-gel Nar activity was analyzed by separating aliquots (60 g) of detergenttreated crude extracts in a nondenaturing polyacrylamide gel (10% [wt/vol]) and subsequently staining with a buffer containing dithionite-methyl viologen (MV) and nitrate (see Materials and Methods). Nar2 activity is indicated, and the inverse of the zymogram is shown. Wt, wild type. (B) Western blot analysis of NarG2 in crude extracts (60 g) from exponentially grown mycelium was analyzed by separating the polypeptides by SDS-PAGE (7.5% [wt/vol] polyacrylamide) using peptide antibodies specific for the NarG2 catalytic subunit. NarG2 migrates at approximately 139 kDa. An unidentified cross-reacting polypeptide (marked with an asterisk) migrating at approximately 70 kDa acted as a loading control. (C) A Western blot of crude extracts (60 g) derived from spores of the indicated S. coelicolor nar deletion mutants is shown. Polypeptides were separated by SDS-PAGE (7.5% [wt/vol] polyacrylamide) and analyzed with NarG2-specific peptide antibody exactly as described for the mycelium extracts. An unidentified cross-reacting band (marked with an asterisk) migrating at 55 kDa acted as the loading control. the mycelium of the hypoxic cultures (Ͻ2 mg dissolved O 2 liter Ϫ1 ) was significantly increased (Fig. 2B, top) . These data suggest a two-step induction of Nar2 synthesis: in addition to the low-level Nar2 synthesis evident in aerobically cultivated mycelium, a further hypoxic induction of Nar2 synthesis concomitant with Nar2-dependent nitrate respiration in mycelium occurs. To confirm this finding, we grew S. coelicolor wild-type strain M145 under defined and constant oxygen-limited conditions (achieved by quantitative gas mixing; see Materials and Methods) employing two oxygen concentrations of 0.7 mg/liter (2%) and 2.2 mg/ liter (6%) dissolved O 2 . Conditions were also employed to maintain the growth of the bacterium as highly disperse mycelium or micropellets. A decrease in the oxygen concentration to 0.7 mg/ liter dissolved O 2 (hypoxic conditions) resulted in significantly increased Nar2 synthesis (Fig. 2B, bottom) .
In addition to the oxygen-dependent Nar2 synthesis, our preliminary results suggested an oxygen-dependent activation of respiratory nitrate reduction even if the Nar2 enzyme was present (Fig. 2B) . This is important with regard to the findings that nitrate reduction occurs only under local hypoxic or anoxic conditions, for example, in highly aggregated mycelial cultures. To demonstrate that this was indeed the case, we analyzed chloramphenicoltreated mycelium (grown hypoxically) for its ability to reduce nitrate in the presence of different oxygen concentrations in the medium; it has been demonstrated that oxygen inhibits nitrate reduction (see above) (13) . While highly disperse mycelium reduced nitrate to nitrite only in the complete absence of oxygen, mycelium aggregated to form minipellets (0.25 or 0.5 mm in diameter) reduced nitrate at a rate inversely correlated with the oxygen level in the medium (Fig. 2C) . This result suggests the presence of an oxygen gradient within the pelleted aggregate and, hence, that this causes anaerobic nitrate reduction during aerobic cultivation of S. coelicolor A3(2).
Nar2-dependent nitrate respiration by intact mycelium requires the predicted nitrate:nitrite antiporter NarK2 and the absence of oxygen. We could show previously that anaerobic incubation was required to observe the maximal reduction of nitrate by mycelial cultures of strain M145 (12) . In order to standardize the conditions for measuring nitrate reduction, we used a 3-day staged cultivation procedure culminating in a 15-h growth period in TSB medium to achieve reproducible cell densities and aggregation sizes of mycelium (see Materials and Methods for details) (21) . Aliquots of these mycelia (ca. 250 CAE) from strain NM59 (only Nar2 was present) were used for determination in vivo of Nar2-dependent nitrate reduction in MOPS buffer (pH 7.0) with nitrate (10 mM) but without other substrates (Fig. 3A) . Aerobic incubation failed to result in any measureable nitrite production. In contrast, mycelium incubated under an N 2 atmosphere reduced ca. 3 mM nitrate within 2.5 h (Fig. 3A) . Addition of chloramphenicol had no effect upon the levels of nitrate reduction, indicating that de novo protein synthesis was not required. A similar level of nitrate reduction was also noted when the mycelium was incubated in a standing liquid assay, whereby it was not necessary to place it under an N 2 atmosphere (Fig. 3A) .
Using the standing liquid culture approach, the nitrate reduction assay was performed with mycelium of wild-type strain M145, and the activity determined was compared with the activities measured in various nar-knockout mutants (Fig. 3B) . Both M145 and NM59 (⌬nar-1 ⌬nar-3) exhibited similar activities, indicating that nitrate reduction under these conditions was due to Nar2. As controls, no nitrate reduction was observed in the mycelium of strain NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3), NM29 (⌬nar-1 ⌬nar-2), or NM68 (⌬nar-2 ⌬nar-3).
The fact that nitrate reduction in whole mycelium was inhibited by oxygen, yet the Nar2 enzyme was present, suggested either that Nar2 enzyme activity was the target of oxygen or that nitrate transport was oxygen sensitive. Oxygen-regulated nitrate transport has already been observed in spores (13) , and Nar2 activity in crude extracts is unaffected by aerobic incubation (see below); therefore, it is plausible that the delivery of nitrate across the cytoplasmic membrane of the mycelium might be inhibited in the presence of oxygen. Examination of the narG2H2J2I2 locus on the S. coelicolor chromosome (Fig. 3D) revealed the presence of a gene (SCO0213) whose product has approximately 37% amino acid identity to a putative NarK nitrite extrusion protein from Bacillus subtilis (26) (EMBL accession number z49884) and 22% identity with the NarK nitrate:nitrite antiporter from Escherichia coli (27) . An S. coelicolor strain, COE285 (⌬SCO0213 ⌬narK2), carrying a disruption in the SCO0213 gene was constructed (see Materials and Methods), and mycelium was prepared as described above and analyzed using the standing liquid assay for nitrate reduction (Fig. 3B) . The results revealed that mycelium from strain COE285 reduced only approximately 10% of the nitrate compared with the amount reduced by mycelium from M145. Reintroduction of the SCO0213 gene onto the chromosome via the integrative plasmid pMS82 (19) restored the ability of intact mycelium of the strain to reduce nitrate to nitrite. Henceforth, gene SCO0213 is referred to as narK2.
Crude extracts derived from strains COE285 (⌬narK2) and COE404 (Table 1) were assayed for Nar2 enzyme activity, and extracts of both strains exhibited activities in the range of 80% of the activity of wild-type strain M145 ( Table 2 ). The same Nar2 enzyme activity was measured regardless of whether the extracts had been incubated aerobically or anaerobically. Analysis of these extracts by Western blotting confirmed that the NarG2 polypeptide was present at levels equivalent to those in extracts of M145 (Fig. 3C) . Extracts derived from a further strain (COE301) carrying a disruption in the SCO2959 gene, which encodes a putative membrane protein exhibiting 39% amino acid sequence identity to NarK from E. coli and which we term NarK1, also revealed levels of NarG2 polypeptide similar to those of the wild type (Fig. 3C) . Mycelium derived from strain COE301 had nitrate reduction activity similar to that of M145 (data not shown). Therefore, the putative NarK1 gene product is not involved in Nar2-dependent nitrate reduction in mycelium.
Finally, the ability of spores from strain COE285 (⌬narK2) to reduce nitrate to nitrite anaerobically (13) (13), and therefore, NarK2 is specifically involved in nitrate reduction in mycelium.
Long-term anaerobic incubation of resting spores induces Nar2-dependent nitrate respiration. In contrast to the findings for Nar1, previous studies demonstrated that neither Nar2 nor Nar3 is active in spores during a 5-h anaerobic incubation period (13) . Western blot analysis of extracts derived from aerobic, freshly harvested resting spores of strains M145, NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3), NM68 (⌬nar-1 ⌬nar-2), NM24 (⌬nar-1), NM3 (⌬nar-3), and NM27 (⌬nar-3) revealed that no NarG2 polypeptide could be detected (Fig. 1C) . Nevertheless, RT-PCR analysis of total RNA derived from freshly harvested spores revealed the presence of narG2 transcripts (Fig. 4) . In order to clarify whether these transcripts could function as the templates for rapid synthesis of Nar2 upon germination, we incubated anaerobically arrested spores for up to 3 days on a solid medium with nitrate (Fig. 5A) . After this incubation, Nar activity was determined qualitatively by visualization of nitrite production using a nitrite detection assay. A strain without nar genes (NM92) and anaerobically incubated spores without nitrate in the medium served as negative controls. A further incubation included the protein synthesis inhibitor chloramphenicol (Fig. 5A, left) . As shown previously (13) , spores of the wild type and strain NM68 (⌬nar-2 ⌬nar-3) reduced nitrate to nitrite (Fig. 5A ). This was due to Nar1, which is constitutively present in spores (13) . Unexpectedly, however, nitrite levels were higher in spores of the wild type (M145) and in a strain lacking nar-1 genes (NM24) than in NM68 (⌬nar-2 ⌬nar-3) (Fig. 5A,  right) . Moreover, this Nar1-independent nitrate reduction required de novo protein synthesis because it was prevented by addition of chloramphenicol (Fig. 5A, left) . It was apparent from the results for strains lacking Nar3 (data not shown) that this activity is associated with Nar2, and so strain NM59 (⌬nar-1 ⌬nar-3) was used for further quantitative analyses (Fig. 5B) .
Spore suspensions (OD 450 ϭ 2.5) were incubated under N 2 in MOPS buffer with 5 mM nitrate for 5 days. No germination occurs under these conditions (12, 13) . While no release of nitrite was observed in a control incubated aerobically for 5 days, the first significant amounts of nitrite were produced and detected after 1 day in the absence of oxygen (Fig. 5B) . Thereafter, a linear release of nitrite at 0.13 nmol NO 2 Ϫ h Ϫ1 min Ϫ1 OD unit Ϫ1 (30°C) was measured. This stable nitrate reductase activity of Nar2 was approximately 70% lower than the Nar1-dependent in vivo activity measured in spores during the first 5 h of an anaerobic incubation of NM68 (⌬nar-2 ⌬nar-3) and the wild type (13) . Notably, an anoxic preincubation for 48 h without nitrate did not affect the rate of nitrate reduction (data not shown), indicating that nitrate is apparently not required for the induction of enzyme synthesis. The reducing equivalents for this nitrate respiration in spores were provided solely from internal storage compounds. Moreover, addition of glucose, mannose, or trehalose or the incubation of the spores in rich medium did not result in higher Nar activity (data not shown). Nevertheless, in contrast to the findings for Nar1, the results for controls incubated in the presence of chloramphenicol revealed that de novo protein synthesis was required for the synthesis of Nar2 in spores (Fig. 5B) . Another control for anaerobic spore incubations was carried out with rifampin to prevent transcription. Although Nar2 transcripts were detectable in freshly harvested spores (Fig. 4) , no nitrate reduction in anaerobically incubated spores was detectable. This indicates that transcription of the nar-2 operon or the expression of another component is necessary for the establishment of Nar2-dependent nitrate respiration in intact spores.
Nitrite production by mycelium causes self-inflicted toxicity. While anaerobically incubated spores did not germinate even after 5 days, aerobically incubated spores typically germinate in the presence of substrates within 5 to 15 h. It was noted previously that such germlings show in vivo nitrate reduction activity when incubated anaerobically (12) . We then analyzed Nar-dependent nitrite release in germlings (pregerminated spores) grown on LB agar using defined nar-knockout mutants (Fig. 6A, left) to determine which Nar enzyme was responsible for the activity. The results shown in Fig. 6A clearly demonstrate that this nitrate reduction activity in germlings was due to Nar2.
The demonstration that S. coelicolor mycelial cultures can reduce nitrate anaerobically but not in the presence of oxygen initially suggested that nitrate should have only a limited effect on the aerobic growth of the bacterium in rich medium. In contrast, however, growth on yeast extract-malt extract (YEME)-MOPS-agar (Fig. 6A , right) revealed a clear retardation in the development of aerobically grown colonies of strains that could synthesize Nar2. Colonies of M145 (wild type) and NM59 (⌬nar-1 ⌬nar-3) showed strongly retarded colony development in the presence of 50 mM nitrate, whereas colonies without nitrate sporulated normally, as indicated by a gray-white colony surface appearance and by a substantial secretion of the blue pigment actinorhodin (Fig. 6A, right) . As controls, strains NM3 (⌬nar-2) and NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3), both of which lack Nar2, exhibited a normal sporulation phenotype in the presence of 50 mM nitrate (Fig. 6A, right) . Colony growth on solid medium results in local anaerobiosis, and thus, nitrite accumulates under aerobic conditions (data not shown). To confirm that the developmental retardation found on solid medium was due to the nitrate reduction, we examined the growth in liquid culture with and without nitrate (Fig. 6B) . It was observed that the growth rate of the wild-type strain in small-scale liquid cultures (21) was better without nitrate than in its presence. This effect was independent of culture volume, and the same effect was observed in 1-ml and 2-ml cultures, which caused various levels of oxygen limitation. In both cases, growth was reduced by an amount equivalent to ca. 200 CAE ml Ϫ1 of mycelium (Fig. 6B) . This growth limitation in the presence of nitrate was not observed in strain NM92 (⌬nar-1 ⌬nar-2 ⌬nar-3) (data not shown), suggesting that the effect was potentially due to nitrite toxicity caused by Nar2-catalyzed nitrate reduction. To test this, growth curves were generated in the presence of exogenously added nitrite (Fig. 6C ). Even addition of 5 mM nitrite reduced growth significantly. A larger amount of nitrite (25 and 50 mM) resulted in proportionately greater reduced growth; for each mmol of nitrite added to the culture, a reduction in growth equivalent to 22.5 CAE (21) of mycelium was observed over a period of 12 h. It is therefore likely that any growth benefit caused by nitrate reduction under hypoxic conditions is masked by the effect of the nitrite toxicity. 
DISCUSSION
Early studies on nitrate respiration in vegetative stages of aerobically grown streptomycetes suggested a corespiration of nitrate and oxygen in a process termed aerobic denitrification (28, 29) . The possible mechanisms and ecological implications of such a process have been controversial (28, 29) , but the findings of more recent studies reported in the current literature for Microvirgula aerodenitrificans, Paracoccus denitrificans, and Pseudomonas aeruginosa suggest that the premise of the process has gained wide acceptance for Gram-negative bacteria (30, 31) . In contrast to these organisms, however, S. coelicolor A3(2) is a Gram-positive bacterium without a periplasm. To date, aerobic denitrification shows a strict link with periplasmic nitrate reductases (Naps) (31) . This is because Naps do not require that nitrate be transported across the membrane (32) . As has been shown previously (33) and as we have demonstrated for S. coelicolor, the transport of nitrate into the cytoplasm, thus supplying substrate for the Nar enzyme (Fig. 7) , by NarK-like proteins is inhibited by oxygen, and consequently, aerobic nitrate reduction for vegetative stages of streptomycetes would not be expected. Our previously observed nitrate reduction in aerobically growing cultures of S. coelicolor A3(2) (12) was actually caused by rapid oxygen consumption in cell aggregates, which resulted in localized anaerobiosis with consequent nitrate reduction. Therefore, our results agree with arguments raised in early studies that the inhomogeneity of cultures is responsible for the generation of anaerobic microniches (29) and were incubated aerobically for 10 h. After germination, the plates were incubated under anaerobic conditions for 3 days at 30°C. In the wells labeled NO 3 Ϫ , 5 mM sodium nitrate was included in the medium. Colony development (the two columns on the right) was analyzed by placing spore suspensions (5 l a suspension with an OD 450 of 1) on YEME-MOPS-agar (3 ml) and incubating the plates for 9 days aerobically with or without 50 mM nitrate. (B, C) Growth curves for the wild-type strain M145 were performed in 24-well plates in 1 ml (circles) or 2 ml 
FIG 7
Model depicting our current knowledge of nitrate reduction in spores and mycelium of Streptomyces coelicolor. Nar1 is the main Nar enzyme in spores (13) . ?, the process is uncharacterized; Comp I, NADH:quinone oxidoreductase; Q, quinone. While it has been reported that some streptomycete species carry out a nearly complete denitrification (35) (36) (37) , the reduction of nitrate by S. coelicolor A3(2) is complete at nitrite excretion due to the genetically determined lack of further denitrifying enzymes in the genome (20) . The NirBD nitrite reductase was shown to be functional only for aerobic nitrite assimilation, consistent with it being regulated by the global nitrogen regulator GlnR together with the coactivator NnaR (38) .
Nitrite accumulation by S. coelicolor A3(2) negatively influenced growth, which has also been shown for other bacteria (39, 40) . The toxic effect of nitrite presumably is a consequence of the chemical generation of nitric oxide at low pH (40) . This fact seems to have been overlooked in standard Streptomyces culture medium recipes; e.g., the commonly used minimal medium HMM (41) contains 50 mM sodium nitrate as the sole nitrogen source. When growing as colonies on such minimal medium (or as cell aggregates in liquid culture), the possibility of a temporary intracellular nitrite accumulation cannot be excluded. Indeed, our studies on the differentiation of S. coelicolor A3(2) on such solid medium also demonstrated a negative influence of nitrite on sporulation, which was previously ascribed by other authors to nitrate limitation (42) . The findings reported here revealed a strong developmental effect of nitrite accumulation in our rich solid medium assay and suggest that this hypothetical nitrate limitation might instead be due, at least in part, to nitrite toxicity. Exogenously added nitrite also causes growth inhibition, although whether this nitrite needs to be transported into cells to cause the toxic effects is currently unknown. It should be stressed, however, that the nitrite toxicity observed with the pure cultures and high nitrate concentrations used in this study will be unlikely to have a negative impact in the natural environment, where competing microorganism will utilize the nitrite and thus detoxify it.
Unlike in other bacteria, such as E. coli (43) , neither nitrate nor nitrite appears to influence nar gene expression in either mycobacteria (44) or streptomycetes, as revealed by a proteomic study that showed high-level synthesis of Nar2 (SCO0216 to SCO0219) and NarG3 (SCO4947) in mycelium even in the absence of nitrate (45) . These findings support our conclusions that hypoxia, and not nitrogen oxyanions, is mainly required for the induction of Nar2 enzyme synthesis. Notably, an abrupt shift from aerobic conditions and highly disperse mycelium to anaerobic conditions had no immediate effect on Nar2 synthesis or activity. Instead, an increase in the level of the large subunit of Nar2 was observed only after incubation under oxygen-limiting conditions. This is reminiscent of the microaerobic upregulation observed for M. tuberculosis (44) , with the exception that in M. tuberculosis the synthesis of the NarK2 nitrate transporter appears to be upregulated by oxygen limitation (44) and not the Nar enzyme. The fact that low levels of NarG2 were detectable in aerobically cultivated mycelium suggests either that there was some oxygen limitation in young, germinated cultures or that developmental control also impinges on Nar2 synthesis. Further studies will be required to distinguish between these possibilities.
Nevertheless, a clear redox-dependent increase in Nar2 synthesis during hypoxia was evident. In other bacteria, such as E. coli, dual regulation is observed at the transcriptional level, whereby transcription is induced to a low level by anaerobiosis and increased further in the presence of nitrate (43) . We have so far been unsuccessful in detecting an effect of nitrate on nar operon transcription in S. coelicolor; however, the transcript levels of narG2 do appear to be upregulated in transition phase. Whether this is also a consequence of a developmentally controlled process or whether oxygen limitation is involved is currently unresolved.
Freshly prepared resting spores of S. coelicolor lack detectable NarG2 polypeptide and exhibit no Nar2-dependent nitrate reduction activity, despite having narG2 mRNA transcripts. Nevertheless, long-term anaerobic incubation of spores resulted in the lowlevel synthesis of Nar2; however, this could be inhibited by rifampin, indicating that transcription either of the nar-2 operon itself or of another gene whose product is required for nar-2 transcript translation is responsible for Nar2 synthesis. Nevertheless, Nar2 synthesis also occurs in the presence of oxygen during spore germination and in the mycelium. Together, these data suggest that there might also be a signal that is independent of oxygen or reduction-oxidation which initiates Nar2 synthesis. The consequence of this regulation is, however, that Nar2 enzyme synthesis is essentially constitutive in mycelium in anticipation of hypoxia/ anaerobiosis. Our finding that Nar2 can nevertheless be synthesized during long-term anaerobic stress of spores (see the model in Fig. 7) suggests that there must be a further regulatory mechanism controlling Nar2 synthesis. Whether this is related to the induction of Nar2 synthesis during germination is unknown. With the optimized experimental approaches developed in this study and an earlier study (21) , it will be possible in the future to elucidate the regulatory control of nitrate respiration in spores (13) and in vegetative mycelium and to identify and characterize the genes and regulators that control Nar2 synthesis.
Our studies also revealed a posttranslational effect of oxygen on Nar2 activity in whole mycelium, whereby oxygen caused the immediate cessation of nitrate reduction, even in the presence of fully induced Nar2 in mycelium. Measurement of oxygen-independent nitrate reductase activity in crude extracts derived from these mycelial samples clearly demonstrates that oxygen exerts its effect at the level of nitrate transport, as has been observed for other bacteria (33, 44) . Our discovery that NarK2 of S. coelicolor A3(2) appears to be specific for Nar2 (Fig. 7) and that under anaerobic conditions this results in the quantitative export of nitrite suggests that NarK2 is an oxygen-responsive nitrate:nitrite antiporter. It could be shown that NarK2 is not responsible for the oxygen-inhibited nitrate:nitrite antiport in spores (13) , suggesting that each Nar enzyme might have its own specific transport protein. The transporter associated with Nar1 in spores is currently unknown. Finding a Nar-specific nitrate:nitrite antiporter also suggests a close physical association of the transporter and its cognate reductase, as suggested by the model of Nar function presented in Fig. 7 . It is possible that the residual nitrite production observed in the mycelium of a narK2 mutant (Fig. 3B ) results from Nar3 activity; however, it must still be demonstrated unequivocally whether nitrate reduction by Nar3 is independent of NarK2.
Our current knowledge of the roles of the three Nar enzymes in S. coelicolor is presented in the model shown in Fig. 7 . The current study has demonstrated that Nar2 is the main respiratory nitrate reductase functional in mycelium. Nitrate import and nitrite export are coupled (12) , and this is achieved by the activity of the Nar2-specific antiporter NarK2. Whether NarK2 synthesis is regulated in response to oxygen remains to be demonstrated. Much less is known regarding Nar3, which is active in mycelium (12) . Nonetheless, it appears that substrate delivery to this enzyme is independent of NarK2. Finally, we could also show that Nar1-dependent nitrate reduction in spores is also independent of NarK2. It is conceivable that the transporter functional with Nar1 also supplies nitrate to Nar3, but future studies will be required to resolve this issue.
We have demonstrated recently that spores without an exogenous electron donor nevertheless readily reduce nitrate during anaerobiosis (13) . This suggests that an internal storage compound, for example, trehalose, could supply the reducing power required to help maintain a membrane potential. It is possible that the reducing equivalents generated by the oxidation of NADH by complex I are used to reduce nitrate and thus contribute to the proton motive force (Fig. 7) . A similar source of reducing power is suggested for mycelium under hypoxic or anaerobic conditions.
